We present an extension of the Tomonaga-Luttinger model in which left and right-moving particles have different Fermi velocities. We compute the dispersion relations of collective modes, one-particle Green's functions, momentumdistributions and conductivities. Studying these quantities as functions of both the velocities and the strength of the interaction we find a new region in the space of couplings where chiral symmetry is broken and the conductivity becomes negative. A possible experimental realization of this model is proposed.
In the last years there has been much interest in the study of one-dimensional (1D) condensed matter problems [1] . Specific examples of experimentally realized 1D structures are: strongly anisotropic organic conductors [2] , charge transfer salts [3] , quantum wires [4] , edge states in a two-dimensional (2D) electron system in the fractional quantum Hall (FQH) regime [5] and the recently built Carbon Nanotubes (CNT) [6] . All these systems are no longer described by the usual 3D-like Fermi liquid (FL) picture. They are believed to belong to a novel, highly correlated state of matter known as the Luttinger liquid (LL) [7] . Very recently, possible LL behavior in 2D high temperature superconductors has also been reported [8] .
From the theoretical point of view the most widely studied 1D model is the so-called "gology" model [9] , which is known to display the LL behavior characterized by spin-charge separation and by non-universal (interaction dependent) power-law correlation functions.
In particular it predicts a momentum distribution function that vanishes at p F as n(p) ∼ (p − p F ) 2γ , where γ is related to the strength of the electron-electron interaction (in the free case one has γ = 0 and n(p) ∼ θ(p F + p)). One of the simplest and yet very useful version of the "g-ology" model is the exactly solvable Tomonaga-Luttinger (TL) model, which describes left and right-moving electrons subjected to forward-scattering interactions [10] .
In this Letter we propose a simple modification of the TL model in which left and right-moving electrons have different Fermi velocities v L and v R . Previous studies of LL systems involving more than one Fermi velocity are related to an special class of chiral LL [11] and to multiband and multichain models [12] . Another interesting problem in which one has different values for v F is the interaction between parallel conductors leading to the so called Coulomb drag [13] . We want to stress that the model we shall study is crucially different from all these systems since it is neither a purely chiral LL nor a multiband system with symmetric dispersion. To be specific we start by considering an asymmetric dispersion described by the following Hamiltonian
where Ψ R,L and Ψ † R,L are the electron operators and U is the strength of the forwardscattering electron-electron interaction. In the "g-ology" language we have g 2 = π U and g 4 = 0. The extension of our results to the general case (g 4 = 0) is straightforward, here we consider this particular case in order to keep the discussion as clear as possible. We will set h = 1 from now on. Please note that both v L and v R are positive, and U > 0 corresponds to repulsive interactions. This is the case we shall examine throughout this work.
Since the edge states of FQH systems have been successfully described in terms of chiral fermions with drift velocities proportional to E/B [5] (B is the uniform transverse magnetic field and E is an electric field that keeps electrons inside the sample [14] ), the model above could be experimentally realized by putting together the edges of two FQH samples in the presence of different fields such that the resulting fractions are also different. In such experimental array U represents the strength of the interaction between the charge-densities (CD) of each fermionic branch. Recent experiments on tunneling between edge states of laterally separated QHE systems [15] seems to indicate that the experiment we propose is indeed feasible.
The main result of this Letter is the appearance, due to the velocity asymmetry, of a new available region in the space of couplings in which the system as a whole becomes anisotropic, in the sense that the collective charge-density modes associated to each branch propagate in the same direction. When one approaches this region by increasing U there is an enhancement of the conductivity of the system. This conductivity diverges at the transition point and becomes negative in the anisotropic region. In other words, if one could vary the interbranch interaction U, one would have, for U sufficiently small, a usual LL system (with
) in which collective modes propagate to the left and to the right with velocities v − and v + respectively. However there is a change of sign in one of these velocities when U becomes bigger than the value
Recalling that the stability of the LL is guaranteed as far as the potential does not exceed the Fermi velocity, one concludes that there is a new region given by v 0 < U < v, which is obviously
We have computed the two-point correlation functions, the momentum distributions and the conductivity (at T = 0) for all the range of variation of U. In the "normal" LL phase (0 < U < v 0 ) we obtained the usual exponent γ =
associated to the momentum distribution of both left and right fermions. On the other hand, in the "anisotropic" phase we found a drastic change in the exponents related to left and right momentum distributions. For v R > v L the distribution of the right branch takes a 3D-like step function form, whereas the one related to left propagation becomes proportional to We have studied the system (1) by using functional bosonization techniques [16] . This amounts to defining fermionic field operators in the Heisenberg picture. We then have a field-theoretical, Lagrangian formulation of the model. This, in turn, allowed us to obtain an action describing the dynamics of the bosonic collective excitations of the system. Using this action one can easily compute the dispersion relations for the CD oscillations. For shortrange, constant electron-electron potentials, these dispersions are linear, with velocities given by [17] 
From this equation one sees that the propagation of the collective modes takes place for U < v. It becomes apparent that, in contrast to the usual answer for a TL model with v R = v L and g 4 = 0, here one has two different velocities v + and v − for the propagation of left and right charge-density modes. Moreover, one of the velocities v + or v − goes to zero as the potential approaches the value U = v 0 and changes its sign for U > v 0 , as anticipated above (see Fig. 1 ).
Now, in order to get an insight into the physical consequences of the velocity difference, we compute the fermionic one-particle Green's functions for both regions. For U < v 0 the correlation function associated to the right branch is given by
where α is an ultraviolet cutoff. The constant γ has the usual expression in terms of the stiffness constant K [1], but in this constant v F must be replaced by the average v:
A completely similar formula is found for the left branch, by interchanging v − and v + in (3).
In the region
and
From these results one obtains a momentum distribution of the Fermi type for the right branch, i.e., n R (p) ∼ θ(p −p R ). However, the situation is very different for n L . Indeed 
In order to compute this object it is convenient to use the well-known bosonization relationΨ Ψ ∼: cos √ 4πφ :, where φ is a scalar field [18] . A quite similar situation is found when one considers, for instance, 1D quantum antiferromagnets through fermionization [14] . Our formal result for this order parameter is
where Λ is an ultraviolet cutoff. Using, in the evaluation of this integral, any reasonable regularization which does not move the poles from one half-plane to the other, we found Ψ Ψ(x) = 0 for sign(v + )=-sign(v − ) (the normal region) and Ψ Ψ(x) = constant = 0 for sign(v + )=sign(v − ) (the anisotropic region). We then conclude that in the new region chiral symmetry is broken due to the strong interaction between fermionic branches. This is reminiscent of 1D Coulomb drag systems in which strong coupling between currents leads to an energy gap in the spectrum of the relative electron density fluctuations [19] . However, in the present context chiral symmetry breaking seems to be more naturally related to the change of sign in the conductivity. Indeed, we were able to express the frequency-dependent conductivity σ(ω) as a simple function of U:
where one sees the divergence that takes place, at finite frequency, for U = v 0 , and the negative values obtained for v 0 < U < v (see Fig. 2 ). At this point we want to recall that negative conductivities have been observed and theoretically discussed in connection to the so called superlattices [20] .
In summary, we have presented a simple modification of the usual TL model, in which left and right-moving particles have different Fermi velocities. By using functional bosonization methods we computed the dispersion relations of the underlying bosonic collective modes of the system. We showed that the velocity difference gives rise to a novel regime in which the propagation of the excitations takes place in only one direction depending on the initial relationship between velocities. So if, say v R > v L for an electron-electron interaction U sufficiently strong (U 2 > v R v L ) we predict a kind of "dragging" effect which implies an inversion in the direction of one of the velocities, v − in this case. We computed Green's functions and momentum distributions for both regimes. We also considered the chiral order parameter Ψ Ψ(x) and showed that it is in principle a good order parameter to distinguish between these regions. Finally, we were able to get a simple analytical formula for the frequency-dependent conductivity σ as function of the velocities associated to collective excitations. This, in turn, allowed us to express this conductivity directly in terms of the interaction strength U. Thus, it becomes apparent that in the anisotropic regime σ takes negative values. The whole situation is depicted in the phase diagram of Fig. 3 . Below the line given by (
one has the usual LL regime that characterizes 1D systems.
Above the parabola the frequencies of collective modes become imaginary and the system is probably described by a kind of charge-density crystal. The region between the line and the parabola is the new anisotropic phase which is present only when the dispersion is asymmetric. Therefore, our model provides a simple scenario for a transition from positive to negative-conductivity.
To conclude we would like to stress that the idealized model we present here 
